1 introdUction While our cities are growing at an unprecedented pace, their relationship with the environment has deeply changed, as low fossil fuel prices and sprawling transportation infrastructures have been connecting them to increasingly remote and global hinterlands. the latter have been fueling the growing resource use intensity of urban areas, which have in turn been releasing more and more waste and emissions into oceans and the atmosphere. as a result, today's cities are heavily reliant on large-scale provision of food that is traveling from further and further away before reaching the urbanites' plates. With emerging sustainability concerns, the environmental footprint of these complex food systems, including cultivation, processing and transport, has been increasingly assessed by the scientific community over the past decade [1], [2] . at the same time, as part of their sustainability agendas, cities are promoting urban food production as a means to reduce the demand for agricultural land elsewhere and shorten food miles [3] . to rate the extend of urban food production, two metrics are being used, self-sufficiency (or self-reliance) [4] , [5] and food security. according to the United nations 'food self-sufficiency is generally taken to mean the extent to which a country can satisfy its food needs from its own domestic production' [6] . Food security on the other hand occurs 'when all people, at all times, have physical and economic access to sufficient, safe and nutritious food that meets their dietary needs and food preferences for an active and healthy life' [7] . Food self-sufficiency is therefore a measure of national food independence whereas food security is concerned with the stability and affordability of food supply chains. the latter is thus more applicable for cities that tend to seek local self-reliance to gain economic and social benefits, including job creation, increased property values, and community empowerment [8] .
Urban self-sufficiency has been investigated by several researchers. in singapore, looking exclusively at public housing properties, researchers have assessed the country's potential for vegetables self-sufficiency through the large-scale implementation of high-yield roof-integrated farms. their results show that a nationwide deployment of such systems could satisfy 35.5% of domestic demand [9] . in the United states, another study estimated the level of food self-sufficiency of cleveland, as an example for a typical post-industrial north american city. the food categories that were considered were fresh fruits and vegetables, eggs, poultry, and honey. the three assessed scenarios led to overall levels of self-reliance between 4.2% and 17.7% by weight and 1.8% and 7.3% by expenditure in total food and beverage consumption, compared to the current level of 0.1% self-reliance in total food and beverage by expenditure. the authors concluded that significant levels of local self-reliance in food, the most basic need, is possible in this type of cities, which have been plagued with home foreclosures and resulting vacant land, lack of access to healthy food, hunger, and obesity especially in disadvantaged neighborhoods [4] . similarly, various scenarios were assessed to measure the potential level of self-sufficiency for vegetables in montréal, showing that the city could easily satisfy its entire vegetable demand, both through high-yield hydroponic roof-integrated systems, and through low-tech on-soil farming [5] . in Europe, researchers quantified the potential of rooftop vegetable production in the city of bologna, showing that a city-wide implementation of rooftop greenhouses could satisfy 77% of local demand [10] . in lisbon, it was estimated that, if all the available vacant land within the metropolitan area was used for high-yield soilless farming, 124% of the demand for vegetables could be met locally [11] . all these case studies are showing the potential of cities for self-reliance for fresh produce, under current crop yields and consumers' demand, simply by using their vacant areas.
From an environmental sustainability standpoint, some assessments have shown that increasing self-sufficiency through local production for some crops is not necessarily more sustainable than current practice. in the UK, a study showed that producing greenhouse strawberries in london may have a higher carbon footprint than importing spanish greenhouse strawberries [12] ; in austria, researchers found that imported tomatoes from spain and italy have two times lower greenhouse gas (ghg) emissions than those produced nationally in capital-intensive heated systems [13] . therefore, further than quantifying the potential for food self-sufficiency of cities through urban cultivation, there is a crucial need for assessing the extent to which such scenarios are more resource efficient than existing supply chains. For that purpose, a fundamental step in the sustainability assessment of alternative local food supply practices is the assessment of existing supply chains, to be used as baseline scenarios of the analysis. in this study, we will refer to these baseline scenarios as 'Urban Foodprints' (UF), a concept that has been previously used to express resource consumption and environmental impacts associated with the urban food system, from agricultural production to distribution and consumption (e.g. [14] ). this paper is organized as follows: section 2 synthesizes the existing literature on environmental sustainability assessment of urban cEa and identifies research gaps. section 3 describes a new methodology to establish baseline scenarios for the sustainability assessment of urban food production followed by an application of the method to riyadh, saudi arabia as a case study in section 4.
2 assEssing EnvironmEntal impacts oF Urban cEa the role of urban agriculture -as a source of local and fresh food -in enhancing urban food security in cities has been widely recognized [15] and its commercial-scale implementation in highly populated urban areas has led to an increasing interest over the past decade [16] . by commercial urban agriculture, here we refer to high-yield food production in controlled-Environment agriculture (cEa) units such as vertical Farms (vF), rooftop greenhouses (rg) or shipping container Farms (sc) as defined in a previous study [16] , located within the urban built environment. oftentimes portrayed as sustainable alternatives to conventional food production, these commercial farms are gaining momentum, both among entrepreneurs and academics. allowing for significant water savings and year-round yields and fostered by technology developments such as highly efficient spectrum-specific grow lights and computer-assisted climate and crop control systems, the practice of cEa as a food, income and employment generator is expanding in major cities worldwide. however, while there is a large body of literature quantitatively evaluating crop growth in controlled environments such as greenhouses, the sustainability assessment of cEa facilities within urban contexts is a relatively new field of research [16] . since despommier's aspirational depiction of the vertical farm concept was published almost a decade ago [17] , cEa farms have sprouted in several cities around the globe and several attempts have been made to quantify how cEa's overall environmental impact compares to current agricultural practices. in london, a study estimated the environmental footprint of lettuce production in a hypothetical high-rise urban vertical farm and compared it to the environmental footprint of lettuce conventionally grown in the UK in winter and summer [18] . similarly, other authors have compared resource use intensity of cEa in cities like barcelona, new york and boston, to conventional cultivation facilities in respective countries, for the production of tomato and lettuce [19] , [20] . While these approaches compare the environmental performance of the growing processes involved in energy-intensive cEa vs. conventional cultivation, they do not offer a complete assessment of whether indoor farming could mitigate environmental impacts of the vegetables that are currently distributed in cities. to do so, it would have been necessary to compare the footprint of the urban farms to the footprint of the existing supply chain for the vegetables, i.e. to include all the -domestic and foreign -locations of origin of the tomato and lettuce, measuring environmental impacts of respective production modes in each one of these locations, and finally considering conditioned transportation of the produce from the farms to the city.
in a recently published article, two of the authors of this study performed such an assessment, comparing high-yield production of tomatoes in conditioned urban farms in lisbon vs. the existing supply chain for tomatoes distributed in the city [11] . Establishing the baseline scenario involved extensive data collection on all the locations from which tomatoes are being sourced, including farming practices, average yields, resource use, and food miles. similarly, baseline scenarios were built for tomato supply in three additional cities of different sizes, located under different climate conditions and with diverse foodshed characteristics -singapore, paris and new york -and the environmental footprint of their current supply chains for tomatoes were compared to hypothetical urban rooftop-integrated conditioned greenhouses and closed shipping container farms. Whereas rooftop greenhouses were found to significantly reduce ghg emissions under all four climates, shipping container farms only yielded a positive environmental balance vis-à-vis the baseline in megacities located in colder climates, that seasonally rely on long distance food imports [21] . Whereas despommier presented urban vertical farms as the absolute sustainable solution to the world's food supply problems, these outcomes reveal how context-specific the sustainability of urban food production is, and highlight the importance of building baseline scenarios that take into account the existing supply chain for the assessed crops in each particular urban context.
Establishing these scenarios is a data-intensive task and collecting the data can be challenging. next section describes the UF methodology that we used to build these baselines, including major challenges and pitfalls.
3 thE Urban Foodprints mEthod defining Urban Foodprints consists of getting snapshots of the existing food system for a given urban area, using metrics related to food demand, resource use intensity of production, and food miles, to estimate the overall environmental impacts caused by the supply of a given produce to the city. the following sections describe the steps of the data collection to build the Urban Foodprint of a given crop, for a given urban area.
3.1 system boundary and origin of produce the system boundary defines the phases of the process that will and will not be included in the assessment. life cycle assessments of food products are usually conducted from cradle to farm gate, focusing on the most environmentally-harmful phase of the products' lifespan, cultivation [1] . to enable comparisons of the existing supply chain with scenarios of local food production, Urban Foodprints encompass a larger set of activities, from cradle to distribution, in such a way as to include travel distances and transportation modes from farm gate to the assessed urban area (see Fig. 1 ).
data to determine the share of the supplied crop that comes from domestic production and the share that comes from imports can be found in official agriculture and trade statistics reports and websites from national departments of agriculture and trade. Within domestic production, defining the regions of the country where the crop is produced allows to calculate where FM AV (average Food Miles) is the weighted average distance travelled by the crop from its location of production to the city (tkm); w i is the relative weight of each origin of supply; and FM i are the respective food miles travelled from each location of supply (tkm), which vary according to the food system of the city that is being assessed.
yields
Furthermore, gauging to what extent high-yield urban farms can be more efficient than their conventional counterparts requires comparing respective yields, i.e. amounts of produce grown per unit of area per year in each case. For that purpose, based on the collected data on origin of produce (section 3.1), it is necessary to further investigate the dominant cultivation conditions for each location including local climate conditions, whether the crop is produced in open fields or in protected environments as well as the length of the growing season. in case the crop is produced indoors, knowing whether it is grown on-soil or through soilless cultivation techniques such as hydroponics will further inform us on the potential yields. such information can be found in national reports, websites of national departments of agriculture, and scientific articles. Unfortunately, it can be challenging to find this information for all the regions and countries from which the crop is sourced, especially when assessing a crop whose countries of origin have a restricted or underdeveloped data infrastructure. When no data is found, assumptions have to be made, based on crops with similar growth requirements, or data from neighboring countries with similar climatic conditions and farming practices.
once this additional data collection phase is completed, based on respective shares of origins of the assessed crop (as defined in section 3.1) and on the farming techniques that are practiced in these different locations, average yields of existing supply chains are calculated as follows:
where YIELD AV is the weighted average yield of the crop currently supplied to the city (kg/ m 2 ); w i is the relative weight of each origin of supply; and YIELD i are the respective crop yields for each location (kg/m 2 ), which vary according to local climatic and technological conditions in the farms.
3.3 resource use in addition to the type of farming methods practiced in different countries, UF also requires data on the amount of water use for irrigation as well as average energy use for climate control (in case of conditioned greenhouse farming) and machinery. this information may be available in national reports, websites of national departments of agriculture, and scientific articles. Finding this data can be challenging especially for (1) crop types that have attracted less attention within the scientific community or (2) countries for which data is generally scarce or difficult to access. again, when no data is found, assumptions have to be made, based on crops with similar growth requirements, or data from neighbouring countries with similar climatic conditions and farming practices.
global warming potential
Finally, greenhouse gas (ghg) emissions related to irrigation, operational energy and transportation of the existing supply chain of the assessed crop to the city is calculated (expressed in kgco 2 eq/kg), using the relevant emission factors, as follows:
where GWP is the global Warming potential of the crop currently supplied to the city (kgco 2 eq/kg); w i is the relative weight of each origin of supply (defined in section 3.1); WU i is the water use per kilogram of produce (l/kg); EU i is the energy use per kilogram of produce (kWh/kg); F i represents the freight transport of one ton of produce over a distance of one kilometre (tkm); and E i IR , E i EL and E i TR are the respective emission factors of irrigation, electricity generation and refrigerated transportation for each origin of supply.
4 thE riyadh casE-stUdy this section presents the application of the above laid out UF method to saudi arabia's capital city, riyadh, and discusses the results.
background
today, less than 2% of land is arable in saudi arabia, a desert country with no permanent lakes, depleted aquifers and very little precipitation, where overgrazing and intensive agriculture are further accelerating land degradation and desertification. surprisingly -in spite of its harsh climate and severe groundwater depletion -the kingdom produces and exports poultry, eggs, dairy products, fish, dates, fruits and vegetables. Food and water security is presently considered high as the country can rely on its oil-based economy to import most of the food and to desalinate water [22] . however, maintaining this security will be a key challenge in the coming decades due to saudi arabia's growing population and steady urbanization rate: the kingdom's population, 32.3 million in 2016, is expected to grow by 85% by 2050 [23] and the percentage of urbanites, 83% as of 2014, is growing at an annual rate of 2% [22] . by 2050, the country is expected to import practically all food from abroad [24] .
Following the galloping urbanization trend, riyadh's population has been growing steadily over the past decades -making it the most populous city in saudi arabia with more than 8 million residents in 2017 -and is expected to further increase by 53% by 2075 [25] . the city is located in the major agricultural region of the country, where 49% of the kingdom's vegetables are grown and occupy over half of the total national horticultural production area [26] . major crops include tomatoes, cucumber, eggplant, onion, watermelon, squash and pumpkin, and depend heavily on irrigation, accounting for 88% of national water use in 2009 [27] . in this context of inefficiency amidst resource scarcity, the government is now promoting greenhouse cultivation and drip irrigation as more sustainable farming practices. as of 2013, riyadh region accounts for more than 50% of greenhouse production of horticultural crops [26] .
as mentioned above, cEa uses significantly less water than conventional farming, does not rely on arable land and is independent of ambient climatic conditions [16] . it therefore seems to be a particularly attractive technology for saudi arabia, where oil-based (and therefore vulnerable) economic strength is currently buying food and water security. large-scale cEa implementation could therefore contribute not only to the country's food security but also to self-sufficiency with horticultural crops, which represent one third of the saudi diet [28] . this case study explores to what extend cEa could contribute to riyadh's self-sufficiency for the city's four major horticultural crops -tomatoes, carrots, watermelons and onions.
Urban foodprints of main horticultural crops
Figure 2 presents the UF of the four main horticultural crops supplied to the city of riyadh, and the following subsections comment on the data collection process. Figure 3 shows the example of data collection for the urban foodprint of tomato supplied to riyadh. major horticultural crops produced in saudi arabia, and thus most of the produce supplied to riyadh comes from domestic production, whereas imports are more significant for onions and carrots.
to calculate food miles, global trade routes were used as a reference. the ports with the highest activity intensities were selected. land and sea were the main transport modes for most of the countries of origin except for australia, where air is the main transportation mode to saudi arabia. Jeddah islamic seaport is the biggest and busiest port in the middle East and north africa (mEna) region. consequently, it is considered as the main destination port for countries that ship containers to saudi arabia. as for land ports, durra border crossing and halat ammar are the main ports that connect Eastern mediterranean countries to saudi arabia. approximate distances from the exporting countries to the ports were calculated, and subsequently the distances of moving the crops from the ports to riyadh were measured. average food miles were then estimated.
4.2.2 yields the existing literature was surveyed to determine shares of the supply produced in open fields vs. shares produced in greenhouses (see Fig. 3 for the case of tomatoes), and respective yields under each condition in respective locations of origin. While it is extremely important to find recent data that depicts as accurately as possible the current situation, for some of the cases, the most recent available data were found in studies published around a decade ago. in the meantime, diverse contextual factors such as technological improvements in greenhouse energy management or efficiency improvements in irrigation systems may have had relatively important impacts on yields.
resource use
Estimating energy and water use is the most challenging step of establishing the foodprint of a crop, as such data are not available in Fao datasets, and has therefore to be collected from scientific articles. When no published articles for the specific crop or for its production in a specific country were found, data were collected for similar crops, i.e. from the same family, having similar growth requirements, or from countries with similar climatic and technological conditions. 4.2.4 global warming potential Finally, ghg emissions related to water, energy and transportation were calculated based on relevant energy mixes and emission factors.
4.3 comparison to local production -the case of tomato in an alternative scenario of urban food production in riyadh, we focused on tomato, the crop with the lowest calculated baseline gWp (see Fig. 2 ), to gauge whether local production could perform better. all the fresh tomato was assumed to be produced in rooftop greenhouses within the metropolitan area, traveling an average distance of only 30 km to reach distribution points. a simulation workflow for crop production in urban environments -previously presented and applied to four cities [11] , [21] -was applied here. riyadh weather data were input to the model, and construction properties of the hypothetical greenhouses were defined according to the most widespread properties of existing facilities, i.e. a steel structure with a polycarbonate cover, nFt hydroponic equipment, backup lighting and an hvac system set to maintain indoor temperatures within the optimal range for tomato growth [21] . Figure 4 synthesizes results.
Whereas commercial farming in hydroponic greenhouses can lead to efficiency gains of a factor of 8 in terms of yields and a factor of 2.7 in terms of water use, operational energy use per kilogram of produce is over four times higher in such facilities than in the baseline scenario. this is mainly due to the high cooling needs of the greenhouses under riyadh's hot desert climate. When converting water use, operational energy and transportation to ghg emissions, results showed that urban production in high-yield greenhouses has the potential to reduce gWp by 9%. While water savings contribute greatly to reducing irrigation-related emissions, the energy needs of conditioned hydroponic greenhouses are significantly higher than the baseline (where 50% of the tomatoes come from open-field cultivation, where energy requirements are drastically lower). Finally, transportation is considerably reduced. in spite Figure 4 : baseline vs. urban production scenario. of the positive impact on gWp, this result is significantly below potential environmental impacts mitigations estimated for other cities, such as lisbon -where a potential gWp reduction of 50% was found [21] -located in a more temperate climate, where greenhouse conditioning is less energy-intensive. 5 conclUsions this article described the Urban Foodprints method for the elaboration of baseline scenarios -an essential preliminary step in sustainability assessment of urban cEa scenarios. the method was applied to the city of riyadh, saudi arabia. the main obstacles and challenges that were encountered throughout the data collection process were mentioned, being mainly related to the scarcity of reference sources, or, when data were not available, to accuracy in the process of making assumptions. in fact, while establishing a baseline scenario is crucial for any sustainability assessment, up-to-date and consistent data on food systems can be extremely challenging to find, as it was the case for some of the crops supplied to riyadh. yet even when no data are available, when thoroughly completed with grounded assumptions, UF can provide a close approximation to the baseline situation and therefore constitute a reliable starting point for sustainability assessments of urban food production scenarios. acKnoWlEdgEmEnts generous support for this work has been provided by the King abdulaziz city for science and technology (Kacst) as part of the research under the center for complex Engineering systems (ccEs) at mit and Kacst through the Urban Water, Energy and Food project. 
